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ABSTRACT  Synthesis  of  MP26,  the  principal  protein  of  lens  fiber  plasma  membranes,  was 
directed  in the reticulocyte  lysate system  by poly A mRNA enriched from  whole  bovine lens 
RNA using oligo  (dt)-cellulose  chromatography.  Synthesized  MP26 was enriched  by immune 
precipitation. The in vitro-synthesized MP26 had an electrophoretic mobility indistinguishable 
from that of the native molecule.  MP26 showed a cotranslational requirement for dog pancreas 
microsomes  in order for membrane  association  to occur.  Microsome-associated  in vitro-syn- 
thesized MP26 showed a sensitivity to digestion with chymotrypsin which was similar to the 
sensitivity of native MP26 in isolated lens fiber plasma membranes,  indicating correct insertion 
of the MP26 into the micro5ome.  Synthesis and membrane  insertion of MP26 using N-formyl- 
[35S]methionyl  tRNA  as  label  demonstrated  that  no  proteolytic  processing  or  significant 
glycosylation accompanied membrane insertion. Chymotryptic cleavage of membrane-inserted, 
N-formyl-[3~S] methionine-labeled MP26 resulted  in loss of label, suggesting that the N-terminal 
of the in vitro-synthesized MP26 faces the cytoplasm. 
MP26 is a major integral membrane protein of the vertebrate 
eye lens.  In the mature lens fiber cell, MP26 represents >50% 
of the total membrane protein (4). It is not detectable in early 
embryonic lens or in mature lens epithelial cells  and thus has 
been used as a marker in the differentiation of epithelial cells 
into fiber cells (30). 
MP26 has a molecular weight of ~26,000 daltons. The nature 
and extent of glycosylation are unclear. Wong et al. (34) found 
that  the  MP26  could be  stained  by the  periodic  acid-Schiff 
(PAS)  reaction.  Sas et  al.  (25)  also  found MP26 to be  PAS 
positive but noted that it became positive even when periodic 
acid was omitted. On the other hand, Alcalfi et al.  (1)  found 
MP26 to be PAS negative, and Brockhuyse and Kuhlmann (8) 
reported no detectable glycosylation by gas chromatographic 
analysis  of purified  MP26.  Serologically  and  biochemically 
related  proteins  have been found in fiber cells  from a  wide 
variety of sources  including  primate,  amphibian,  and  avian 
species  (28).  MP26  exhibits  unusual  properties  of stability. 
Since essentially no protein turnover occurs in differentiated 
fiber cells (35), MP26 synthesized in the prenatal lens must last 
the life of the organism. Breakdown of MP26 has been impli- 
cated in senility and hereditary cataract formation (29). 
The functional role of MP26 remains unclear. There is no 
known enzymatic activity associated with this protein although 
some affinity for calmodulin has been demonstrated (32). Lens 
membranes  exhibit  extraordinary  insulating  properties  more 
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like  artificial  lipid  bilayers  than  biological membranes  (16). 
The high concentration of MP26 in lens membranes must be 
compatible with the maintenance of this high membrane re- 
sistance. 
A  possible  role for MP26 is in the formation of lens fiber 
junctions. Lens fiber junctions are extremely abundant between 
fiber cells. Due to the abundance of  junctions and the predom- 
inance  of MP26  in  the  lens  fiber  membranes,  it  has  been 
suggested that MP26 may be the major structural component 
of lens fiber junctions. However, MP26 displays no structural 
homology or serological identity with  gap junction  proteins 
isolated  from liver  (11,  18). Bok et  al.  (5)  have reported  an 
immunocytochemical localization of MP26 at the cytoplasmic 
surface  of lens  fiber junctions.  However, using similar  tech- 
niques,  we  have  been  unable  to  support  their  finding  (20). 
Further  investigation  is  required  to  adequately  resolve  this 
issue. 
The abundance of MP26 and the relatively simple protein 
composition  of the  lens  fiber  plasma  membrane  afford  an 
opportunity  to  study  the  in  vitro  synthesis  and  membrane 
insertion of this integral membrane protein. To date, a stu_dy of 
the early events of protein synthesis in vitro has been accom- 
plished for only a limited number of integral plasma membrane 
polypeptides (33), versus a vast literature that has accumulated 
reporting the synthesis of intracellular membrane proteins and 
secretory proteins  (24).  A  previous study of the  synthesis of 
633 MP26 (22) reported that the mRNA coding for the MP26 was 
preferentially associated with a  lens fiber cytoskeleton-mem- 
brane complex. 
In this  paper  we  have  studied  the  in  vitro  synthesis  and 
membrane  insertion  of MP26.  MP26  exhibited  a  cotransla- 
tional requirement  for the presence of dog pancreatic micro- 
somes in order to achieve membrane insertion. In vitro mem- 
brane insertion was topographically correct as assayed by the 
pattern  of chymotryptic cleavage products.  Using N-formyl- 
[35S]methionine,  we demonstrated that no cleavage of N-ter- 
minal  sequences  accompanies membrane  insertion.  Chymo- 
tryptic cleavage of MP26 synthesized in vitro with N-formyl- 
[35S]methionine  and inserted into microsomes results in loss of 
label, indicating that the N-terminal of the MP26 may face the 
cytoplasmic side of the microsome. 
MATERIALS  AND  METHODS 
The preparation and charactermation of antisera were described in the preceding 
paper (15,  20).  For  these experiments, atYmity-purified antiMP26  antibodies 
(aMP26) and whole antiCT20 antiserum (aCT20) were used. 
Isolation  of RNA:  Adult bovine lenses were decapsulated and stored 
at -80°C until use. Lenses were homogenized in 10 vol of t% SDS, 50 mM Tris, 
pH 7.4, with 5 mM EDTA in a Dounce homogenizer with loose pestle. RNA was 
isolated conventionally using phenol-chloroform-isoamyl alcohol (23).  Poly A 
RNA was extracted from total RNA by chromatography on oligo (dt)-cellulose 
(Collaborative Research, Waltham, MA) as described by Aviv and Leder (2). 
Pituitary mRNA was isolated from bovine pituitary glands by Mg  2+ precipitation 
according to Palmiter (19). 
In  Vitro  Translation:  Rabbit reticulocyte lysate was prepared and 
nuclease treated according to the procedure of Pelham and Jackson (2 l). Lysate 
contained 50/tM amino acids except methionine, 0.75 mM MgC12, 100 mM KC1, 
15 mM creatine phosphate and [S~Methionine (New England Nuclear, Boston, 
MA)  at  5  mCi/ml.  Calf liver tRNA  (Boehringer  Mannheim  Biochemicals, 
Indianapolis, IN) was at 50/~g/ml except where N-formyl-[Sa~]methionyl tRNA 
was utilized. A+ RNA was added at 0.6-1.2 Az6o U/ml lysate and translated for 
60 min at 30°C. 
Dog pancreatic microsomes were prepared according to Shields and Blobel 
(26) and treated with micrococcal nuclease. Microsomes were included in trans- 
lation assays at 2--4 A26o U/ml. After translation, microsomes were separated 
from lysates by centrifugation on a sucrose gradient. Lysates were diluted to 500 
pl and layered on top of a 0.5 M/2.0 M sucrose gradient constructed in a  1.5-ml 
Eppendorf microcentrifuge tube. Gradients were spun at 100,000 g x  30 min in 
a  Beckman SW-27 rotor (Beckman Instruments, Inc., Spinco Div., Palo Alto, 
CA) using specially made adapters. Membranes are recovered at the 0.5 M/2.0 
M interface. 
For posttranslational assays, microsomes were added  after translation had 
occurred for 60 min. Further elongation was inhibited with cycloheximide at 10 
#g/ml. Incubation was continued for another 60 min, then the microsomes were 
gradient isolated as described. 
For  experiments involving proteolytic digestion,  soluble  and  microsomal 
fractions were made 3  mM with tetracaine HC1 and  100 #g/ml with TLCK- 
Chymotrypsin (Sigma Chemical Co.,  St.  Louis,  MO).  After  30  mitt at 4°C, 
proteolysis was terminated with 1/1,000 vol of freshly-made PMSF (17 mg/ml) 
in isopropanot. 
In some experiments [3~S]methionine was replaced with I mM cold methionine 
and N-formyl-[35S]methionyl tRNA. Calf liver tRNA was aminoacylated in the 
presence of [aSS]methionine  and formylated as described by Mihara and Blobel 
(17).  Charged and formylated tRNA had a specific activity of 5 x  l0  s cpm/#g 
and was included in the lysate at 1 mg/ml. 
Immunoprecipitation:  Samples were prepared for immunoprecipi- 
• tation by diluting to l rrd to final concentrations of 0.15 M NaC1, 50 mM Tris pH 
8.2,  5  mM  EDTA,  0.05%  NP40,  0.05%  SDS,  and  1 mM  fresh  PMSF  (NET 
buffer). 2-5/~l of affinity-purified antibody (0.7 mg/ml) or antisera was added 
and incubated at 4°C for 16 h, 100 bd of lgSorb (New England Enzyme Center, 
Boston,  MA)  was added  and  incubation continued for  30  min.  IgSorb  was 
pelleted (5,000 g x  5 rain, Beckman J5-13 rotor), then washed twice in I ml NET 
buffer, and once in l ml 50 mM Tris pH 7.6. Pellets were resuspended in 15-25 
M sample of dissolving buffer for SDS PAGE and incubated at 37°C for l0 min. 
Gels were prepared as described in the preceding paper (13,  20) and fluoro- 
graphed according to Bonnet and Laskey (6). To serve as standards, MP26 and 
a chymotrypsin fragment called CT20 (20,000 M~) were isolated from adult lens 
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membranes (20)  and ~4C-labeled according to Dottavio-Martin and Ravel (9), 
except that all buffers contained 0.1% SDS. 
RESULTS 
In Vitro Translation 
Lens mRNA was  translated  in  vitro,  immunoprecipitated 
with  aMP26,  electrophoresed  on  an  SDS  gel,  and  fluoro- 
graphed. Fig.  1 shows the immunoprecipitation with affinity- 
purified antisera against MP26 (aMP26) (lane B) and preim- 
mune  IgG  (lane  C).  Lane  A  contains  a  14C-labeled  MP26 
standard and lane D contains the MP26 standard and a 20,000 
dalton chymotryptic fragment (CT20) standard, aMP26 specif- 
icaUy precipitated a band that had an apparent mobility indis- 
tinguishable  from that  of labeled  MP26  standard.  This sug- 
gested that MP26 was synthesized without a cleavable leader 
sequence of the type found in many membrane proteins and 
nearly all secreted proteins (24, 33). 
Membrane Insertion 
For study of the  association of newly synthesized protein 
with membranes, translation was performed in the presence of 
dog  pancreatic  microsomes.  These  membranes  have  been 
shown to support in vitro processing and insertion of  membrane 
and secreted proteins from an enormous variety of sources (3). 
After  translation,  the  microsomes  were  separated  from  the 
soluble components of the lysate on a  sucrose gradient,  and 
the two fractions were immunoprecipitated.  Fig. 2 shows the 
soluble (lane B) and microsomal (lane C) fractions precipitated 
with aMP26. MP26 standard is contained in lane A. 
Under these conditions of translation, nearly all of the newly 
synthesized MP26 became associated with the microsomes. If 
microsomes were added to the lysate posttranslationally, most 
of the newly synthesized MP26 remained in the soluble fraction 
(lane D). Only a trace amount was found associated with the 
microsomes (lane E). 
When  MP26  is  synthesized  and  sedimented  on a  sucrose 
gradient without any addition of microsomes, most of it stays 
in the soluble supernatant but a very small fraction is recovered 
at  the 0.5/2.0  M  interface  (data  not shown).  Therefore,  the 
trace  amount  of MP26  in Fig.  2,  lane  E  can  be considered 
"background,"  and  not indicative  of posttranslational  mem- 
brane  integration.  The  background in the  precipitations  in- 
volving membrane additions (Fig. 2) is less than that observed 
in Fig. 1, because insoluble material in the lysate that contrib- 
utes to the background is separated out on the sucrose gradient. 
In these experiments,  equal volumes of lysate were immu- 
noprecipitated.  Total protein synthesis was actually inhibited 
~50%  by microsomes.  This  is  reflected  in the  difference  in 
background between the cotranslated soluble fraction (lane B) 
and posttranslated  soluble fraction (lane D). We observed an 
apparent  stimulation  of MP26  synthesis  in  the  presence  of 
microsomal membranes (lane C). 
These results suggest that the MP26 exhibited a  cotransla- 
tional  requirement  for  microsomal  membranes  in  order  to 
become  associated  with  them.  As  found  in  the  translation 
experiments  without microsomes, there  was no reproducibly 
detectable difference in SDS mobility between the MP26 stand- 
ard and the MP26 synthesized in vitro with microsomes. Due 
to limitations in the resolution of the SDS gels, these data did 
not  completely  rule  out  the  possibility  of a  cleaved  leader 
sequence. The amount of cleavage could have been too small 
to  detect  by this  method  (perhaps  five to  six  amino  acids). FIGURE  2  Cotranslational  integration  of  MP26  into  microsomal 
membranes. Microsomes were added to reticulocyte lysate before 
(lanes B and C) or after (lanes D  and E) translation was completed. 
Microsomes were separated from soluble components of the lysate 
by centrifugation  on  a  sucrose gradient. Microsornes were imrnu- 
noprecipitated separately (lanes C and E) from the remainder of the 
lysate (lanes B and  D).  Lane A  contains MP26 standard. 
FiGUre  I  In  vitro  synthesis  of  lens  MP26.  Immunoprecipitated 
MP26 Was analyzed by SDS  PAGE and fluorography (see Materials 
and  Methods).  Lanes A  and  D  contain authentic MP26 andCT20 
prepared from  isolated plasma membrane and  labeled with  [14C]- 
formaldehyde, Lane B:  Immunoprecipitation with  affinity-purified 
~MP26, Lane C: Immunoprecipitation with preimmune IgG. 
Alternatively, a more extensive cleavage could have been bal- 
anced by a substantial glycosylation. 
For a critical demonstration of  the lack of  N-terminal protein 
cleavage associated with membrane insertion, translation was 
performed using N-formyl-[35S]methionyl  tRNA as a source of 
label. With this label, newly synthesized proteins can become 
labeled only at their N termini. A control experiment is shown 
in  Fig.  3,  lanes A-D.  Bovine anterior  pituitary  mRNA was 
translated in normal lysate with (lane B) and without (lane A) 
microsomes. Preprolactin (Ppl) and pregrowth hormone (Pgh) 
were  processed  by  microsomes  to  yield  prolactin  (pl)  and 
growth hormone (gh). When translated  with N-formyl-[35S]- 
methionyl tRNA, the preproteins  were labeled  (lane  C) but 
processed proteins, which lose their N termini, were not visible 
(lane D). 
MP26 was synthesized in the presence of microsomes with 
N-formyl-[35S]methionyl tRNA (Fig. 3). The microsomes were 
sucrose  gradient  isolated  and  the  membrane  (lane  E)  and 
soluble fractions (lane F) were separately immunoprecipitated. 
PAUL AND GOODENOUGH  In Vitro  Synthesis of Lens A4P26  635 FIGURE  3  In vitro translation using N-formyl-[3~S]methionyl-tRNA. 
Control experiment using bovine pituitary mRNA is shown in lanes 
A-D. Arrows indicate preprolactin (Ppl), pregrowth hormone (Pgh), 
prolactin (pl), and growth hormone (gh). Lanes A  and B: Pituitary 
mRNA  is  translated  without  and  with  microsomes,  respectively, 
using [35S]methionine. Lanes C and  D: Pituitary mRNA is translated 
without and  with  microsomes,  respectively, using  N-formyl-[35S]- 
methionyl-tRNA.  In  lanes  E and  F, lens mRNA  is translated in the 
presence of microsomes, using N-formyl-[35S]methionyl-tRNA.  Mi- 
crosomes  are  separated  from  remainder  of  lysate  and  separately 
immunoprecipitated with aMP26 (see Fig. 2, lanes B and C). Lane E: 
Immunoprecipitation of microsomes. Lane F: Immunoprecipitation 
of lysate. Lane G contains standards as in Fig. 1. 
The  membrane  fraction  (lane  E)  contained  the  majority of 
MP26 with a small amount visible in the soluble fraction (lane 
F). The presence of radiolabeled membrane-associated MP26 
demonstrates  that  membrane  association  occurred  without 
cleaving an N  terminal sequence and without significant gly- 
cosylation. 
Orientation  of MP26 in  the  Membrane 
The topology of the membrane association produced in vitro 
was investigated in the following experiments. In isolated adult 
lens membranes, MP26 was shown to yield a  20,000 Mr frag- 
ment called CT20 upon exhaustive digestion with chymotryp- 
sin  (20).  If MP26  was  inserted  into  microsomal membranes 
with the same orientation as found in vivo, then chymotryptic 
digestion  of MP26  synthesized  in  vitro  in  the  presence  of 
microsomes would be expected to yield the  CT20.  Since the 
antigenic sites recognized by the antibody used in the previous 
experiments were destroyed by chymotryptic digestion, a  new 
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FiGUrE  4  Membraneorientationofinvitrosynthesized MP26. Lane 
A  contains standards as described in Fig. 1. Lane B: MP26 is synthe- 
sized  in  the  presence  of  microsomes.  Microsomes  are  separated 
from  lysate, digested  with  chymotrypsin  and  immunoprecipitated 
with  aCT20. Lane  C:  Lens mRNA  is  translated  in  the  presence of 
microsomes  using  N-formyl-[3SS]methionyl-tRNA  and  the  micro- 
somes are immunoprecipitated with aMP26. Lane D: As in C, except 
that microsomes are digested with chymotrypsin and  immunopre- 
cipitated with aCT20. 
antiserum  (aCT20)  directed against the  CT20  was  prepared 
(20). 
Lens A + mRNA was cotranslated in the presence of micro- 
somes. Following sucrose gradient enrichment, the microsomes 
were  then  digested with chymotrypsin and precipitated with 
aCT20. Fig. 4 (lane B) is a fluorograph of this precipitate. Lane 
A  contains  MP26  and  CT20  standards.  The  major  species 
present in lane B has a mobility indistinguishable from that of 
authentic CT20. The immunoprecipitate also contains a small 
amount of a  peptide of ~24,000  Mr. A  species with a  similar mobility is sometimes detectable in digests of isolated plasma 
membrane,  but  is quantitatively less significant (see Discus- 
sion).  Immunoprecipitation  of posttranslationally incubated 
microsomes or cotranslationally inserted microsomes digested 
in  the  presence  of  1%  NP40  yielded blank  lanes  (data  not 
shown). 
Fig. 4  (lanes  C  and  D)  shows  an  experiment designed to 
determine the  location of the  MP26  N-terminus.  MP26  was 
synthesized with microsomes using N-formyl-[a~S]methionyl- 
tRNA  as a  source of label. The  microsomes were separated 
from  the  soluble  fraction  on  a  sucrose  gradient;  half were 
precipitated with aMP26(tano-C) and half were digested with 
chymotrypsin and precipitated with aCT20 (lane D). Gel load- 
hag  was adjusted so that  bands corresponding to MP26  and 
CT20 would have equal intensity if synthesized conventionally  . 
with [35S]methiqnine. The disappearance of the CT20 in lane 
D  indicates that  the  chymotrypsin removes the N  terminus. 
Control  experiments  using  microsomes  to  process  in  vitro 
translated  prolactin and  growth  hormones  indicate that  the 
microsomal  vesicle protects  90%  of the  processed  hormone 
from digestion with exogenous proteases (data not shown). 
DISCUSSION 
Our data indicate that MP26 is synthesized without a cleavable 
leader sequence and inserts into membranes cotranslationally. 
In vitro-synthesized MP26  shows no detectable difference in 
SDS  gel mobility from  native  MP26.  Insertion  of in  vitro- 
synthesized MP26 into microsomal membranes also produces 
no detectable alteration in SDS gel mobility. No known cleaved 
leader sequence is smaller than  ~ 1,500  daltons, a  difference 
that would be easily detected in the gel system used here. The 
appearance of membrane-inserted MP26  with  an  N-formyl- 
[35S]methionine-labeled N-terminal amino  acid residue rules 
out  the  possibility that  the cleavage of a  leader sequence  is 
balanced by glycosylation concomitant with membrane inser- 
tion. These data support the fmding of several groups (1,  8) 
that  native MP26  is not substantially glycosylated. If MP26 
does not undergo asparagine-linked core glycosylation, a direct 
insertion into plasma membrane is at least theoretically possi- 
ble, as reported for the large nonglycosylated subunit of Na  ÷, 
K, ATPase (24). However, we found that neither co- nor post- 
translational  incubation  of  MP26  with  isolated  lens  fiber 
plasma membrane vesicles resulted in membrane insertion of 
the MP26 (data not shown). 
We have used proteolytic digestion of synthesized MP26 to 
probe the nature of its in vitro membrane insertion. Both in 
isolated lens fiber plasma membranes and in microsomes with 
MP26  inserted  in  vitro,  the  major  product  of chymotryptic 
digestion is  a  20,000  Mr  fragment  termed  CT20.  We  have 
interpreted this to indicate that insertion of MP26 into micro- 
somal membrane substantially resembles that found in plasma 
membranes  in  vivo.  However,  immunoprecipitation of chy- 
motrypsin-digested microsomes reveals a significant amount of 
a  species of ~24,000  Mr.  Thus,  MP26  in  microsomal mem- 
branes  is  slightly less sensitive to  proteolysis than  MP26  in 
isolated plasma membranes.  A  similar differential sensitivity 
to proteolysis was observed for opsin by Goldman and Blobel 
(10).  While the significance of the finding is unclear, it could 
imply that important posttranslational processing steps, which 
could change sensitivity to proteolysis, accompany MP26  as- 
sembly in the lens fiber plasma membrane. 
Experiments with proteolytic digestion of N-formyl-[a~S]me- 
thionine-labeled MP26 suggest that the N  terminal is exposed 
at the cytoplasmic surface of microsomal vesicles. By analogy 
with respect to other membrane proteins whose in vitro mem- 
brane insertion has been studied, this result suggests that the 
N-terminus of plasma membrane MP26 faces the cytoplasm. 
However, it cannot be rigorously excluded that the N-terminus 
is on  the  luminal side of the  microsome,  and  that  only the 
cleavage site is exposed on the cytoplasmic surface.  Further, 
the disposition of the C  terminus is not known, and some C- 
terminal as well as N-terminal residues may be removed by 
chymotrypsin. 
Initially, proteins  with  intracellularly oriented  N-termini, 
such as the erythrocyte plasma membrane Band 3 (27), were 
difficult to reconcile with the simple signal hypothesis model. 
Recent modifications of this hypothesis (3, 12, 14, 24) allow for 
variations in the orientation of proteins in the membrane by 
postulating  internal  sequences  rather  than  N-terminal  se- 
quences  f0-specify membrane  insertion. For example, Braell 
and Lodish (7) have-shown that for Band 3, about half of the 
protein can be synthesized before the ability to become mem- 
brane  inserted is lost.  They  postulate an  internal signal se- 
quence 450 amino acid residues away from the N-terminus. 
The apparent stimulation of MP26 synthesis in the presence 
of microsomes is puzzling. Recently, Walter et al. (31)  have 
described a complex of proteins called signal recognition pro- 
tein  (SRP).  SRP  was  shown  to  specifically bind  polysomes 
synthesizing signal peptide-containing proteins and to inhibit 
their synthesis in the absence of membranes. In light of this 
finding, it is possible that  the  synthesis of MP26  is actually 
being  inhibited  in  the  absence  of membranes  by  SRP-like 
components of the lysate. However, it is not known whether 
"internal" signal sequence proteins such as erythrocyte Band 
3 or MP26 utilize an SRP-dependent mechanism. 
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